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Abstract 
Given the global interest in reducing greenhouse gas emissions, the 18 member CO2Sink consortium was formed to 
develop a pilot CO2 sequestration project near the town of Ketzin, Germany to advance the knowledge and understanding of CCS 
as a method of reducing CO2 emissions. This project includes 2 monitoring wells and 1 injection well, for a total injection of 
30,000 tonnes of CO2. 
Among the projects associated with the Ketzin injection site, the COSMOS 2 research project was initiated as a 
partnership between France and Germany. The project includes, among others activities, the evaluation of the injection well 
(Ktzi-201) integrity. This was performed through extensive modeling using P&RTM approach and SIMEOTM Stor platform to 
simulate possible CO2 leakage along the wellbore over a 1,000-year period and a resulting risk assessment. Various case studies 
were tested: whereas risk levels tend to be low for a pilot project (i.e. low CO2 reservoir pressure), treatment actions could be 
required for industrial scale projects (i.e. greater CO2 reservoir pressure), such as additional characterizations, workovers, or an 
advanced abandonment strategy. These actions could decrease either the probability of the risk, or the severity, or both, ensuring 
effective CO2 confinement demonstration over the long-term. This study provides objective support in decisions regarding well 
management of the CO2 Ketzin project. 
© 2010 Elsevier Ltd. All rights reserved 
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1. Context: COSMOS 2 Project  
Both authorities and industrials are pondering solutions to reduce CO2 emissions in compliance with the Kyoto 
convention. The Carbon Capture and Storage (CCS) technology is one of the most suitable in reducing greenhouse 
gas emissions. Pilots are underway worldwide in an effort to progress to the industrial-scale. 
However, a large scale deployment may be questionable for a few of these projects. Among various issues, public 
fear, environmental impacts, economic aspects with respect to CO2 geo-sequestration and CO2 confinement 
performance still constitute major issues. 
*
 Corresponding author. Tel.: +33-160-395-251; fax: +33-160-725-417 
E-mail address: yvi.leguen@oxand.com 
c⃝ 011 Published by E sevier Ltd.
Energy Procedia 4 (2011) 4076–4083
www.elsevier.com/locate/procedia
doi:10.1016/j.egypro.2011.02.350
Op n access under CC BY-NC-ND license.
2 Yvi Le Guen et al. / Energy Procedia 00 (2010) 000–000 
Wellbores constitute the only intrusive and man-made element of the storage system. Moreover the wellbore 
integrity assessment implies a number of specifics, due to (i) the time scales (short and long term), (ii) the properties 
of the stored fluid that react with the storage system and (iii) the uncertainties characterizing the mechanical 
parameters and mechanisms involved. Demonstrating that the wellbore constitutes a safe barrier for CO2
confinement over long term is of a paramount importance for large CCS acceptance and industrial deployment. 
The 18 member CO2Sink consortium was formed to develop and monitor a CO2 sequestration project near the 
town of Ketzin, Germany. This pilot project†, which is Europe’s first onshore carbon sequestration testing site, 
consists of a series of research and test schemes aimed at injecting about 30,000 tonnes of CO2 into a saline aquifer 
over a maximum of two years [1] [2]. Three wells were drilled in 2007 for the project: one injection well and two 
observation wells. This study focuses on the injection well “ktzi-201”. 
Among the research activities associated with the Ketzin injection site, the COSMOS 2 research project was 
initiated as a partnership between France and Germany. The project has several objectives, notably (i) monitoring 
CO2 migrations in the reservoir, (ii) evaluating caprock integrity, (iii) studying the field implementation of the 
project, and finally, (iv) assessing overall wellbore integrity. This paper presents the main results of the well 
integrity study performed on injection well Ktzi-201 which includes extensive scenario modeling over a 1,000-year 
period, and the resulting risk quantification. 
2. Objectives and Methodology 
The objectives of the modeling and risk-based performance assessment of well ktzi-201 over a long time period 
are: 
• To determine if over the long-term the injection well could act as a conduit for CO2 migration from the 
reservoir to other geological formations and/or to the atmosphere; 
• To quantify the distribution and evolution of these risks depending on the well’s parameters; 
• To identify major contributors to CO2 migration along the wellbore; 
• To define relevant treatment actions to manage well integrity. 
In addition, this study will support on-going methodological and model developments for well integrity 
quantitative risk assessment, as well as increasing the robustness and applicability of the methodology to various 
situations. 
As the objective is the long-term performance of well ktzi-201 (i.e. 1,000-year period), the well will be 
considered as a plugged and abandoned well for the purpose of the study, even though it has not yet been 
abandoned. 
Majors steps of the methodology used for the study are: (i) data collection and analysis, (ii) static model 
construction (geometry and properties of well components and geological formations); (iii) dynamic model 
construction (implementation of time-dependent processes (aging processes), limit and boundary conditions of the 
well system) (iv) scenario construction and simulations (v) risk quantification, and (vi) recommendations regarding 
well integrity (Figure 1, [3]). 
† Further information on the CO2Sink Consortium and recent developments at the Ketzin site can be found on the project internet website: 
http://www.co2sink.org
Y.L. Guen et al. / Energy Procedia 4 (2011) 4076–4083 4077
 Stéphanie Dias, Yvi Le Guen, Vladimir Shtivelman / Energy Procedia 00 (2010) 000–000 3
Figure 1: Well Integrity Quantitative Risk Assessment Workflow 
3. Injection Well Ktzi-201 Modeling with SIMEO Stor 
3.1. Well geometry 
Only components which play a significant role over the long term are considered in the model: cement in the 
annuli, casings, and cement abandonment plugs (that were added to current well geometry for the purposes of this 
study). 
Ktzi-201 was drilled from the surface to a total depth of 755 m in March of 2007. It has 5 different openhole 
sections and 5 different casing sizes. The main characteristics of Ketzin wells’ design were described in detail by 
[4]. Only the 5½” production casing has a chrome coating on the outer surface of the well. Note that for the model, 
only the part of the well located above the top of the reservoir (above 630m depth) was considered (Figure 4 and 
Figure 5). 
All casings are cemented with standard class G cement, except for the cement outside the 5½” casing which is 
cemented with a CO2-resistant class-G salt cement. Note that, in “ktzi-201” well, there is no cement at the bottom of 
the annulus outside the 5 ½’’ production casing. Moreover, according to cement log data, no effective isolation can 
be expected from the cement at the bottom of the 9” cement annulus (Figure 4 and Figure 5). As a consequence, 
these cement annuli will be immediately filled with CO2 at the beginning of injection. 
In the cement annuli, different cement qualities were observed based on the interpretation of cement logs (CBL) 
performed: “bad” cement characterized by a lower quality (permeability values from 1 to 100 mD), and “good” 
cement characterized by a better quality (permeability values from 0.005 to 0.5 mD). 
As can be seen in Figure 4 and Figure 5, the abandonment strategy is as follows: two cement plugs were
considered respectively at the top (close to surface) and at the bottom (in front of perforations) of the well. They are 
located inside the 5½” production casing, with a length of 50 m and 100 m respectively. Cement plug quality is 
assumed to be good (low permeability value) as commonly observed in wells. 
3.2. Geological Formations in Contact with the Injection Well 
Geological formations impose temperature and pressure on the well system. Based on the available geological 
data, a simplified representation was considered, with the CO2 reservoir (Stuttgart formation) at the bottom of the 
well, a caprock (Exter, Arnstadt and Weser formations) that aims at avoiding “vertical” CO2 migration through the 
geology, and finally an overburden from the top of the caprock to the surface (Figure 4 and Figure 5).
At the bottom of the well system, the Stuttgart formation imposes the CO2 pressure condition. For the purposes of 
this study, two theoretical pressure profiles were defined to assess CO2 migration for different pressure conditions 
(Figure 2). The first case study, “low” pressure assumption, considers CO2 pressure equals to 73 bar (based on 
simulations results of [5]) over the 2 years of injection, after which it decreases over 48 years to the hydrostatic 
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level, then remains constant at this value. This first case study aims at being relevant to small scale CO2 injection, 
with CO2 dissolution in formation fluids and dispersion over time. The second “high pressure” case study is more 
pessimistic, as it considers a constant 73 bar CO2 pressure at the bottom of the well during the 1,000 years of the 
simulations. This 2nd case study is not based on the CO2 injection planned during the CO2sink project, but aims at 
being relevant to large scale CO2 injection in confined reservoir where a small pressure decrease could be expected. 
Figure 2: CO2 Reservoir Pressure Profile for the Two Case Studies 
3.3. Degradation processes considered in the study 
Formation fluids in contact with the well components induce their degradation over time, in particular cement 
leaching and casing corrosion. Both mechanisms were considered in the modeling. Leaching of cement hydrates in 
the presence of formation fluids (Figure 3b) is due to a difference in chemical equilibrium between the cement pore 
solution (pH 12-13) and the formation fluids (pH  6-7), depending on local conditions. Leaching results in an 
increase of cement porosity and permeability over time [6]. Casing corrosion is assumed to initiate after complete 
cement degradation (Figure 3c.), after cement pH has decreased. Two major corrosion mechanisms are usually 
observed [7]: (i) generalized corrosion which induces a homogeneous decrease in casing thickness, and (ii) pitting 
corrosion which induces local pits in the casing (Figure 3d and e). Pitting corrosion is mainly observed in presence 
of chlorides. Ultimately, casing corrosion allows for CO2 breakthrough from one annulus to another (i.e. horizontal 
migration, Figure 3e). 
Figure 3: Cement leaching and Casings Corrosion in the Cement Annuli 
Cement leaching is linear with respect to the square root of time: edeg(t) = a.t, with edeg(t), the thickness of 
degraded cement from the beginning of the exposure, a the kinetic coefficient, and t the time. The kinetic coefficient 
a depends on local conditions (temperature, pressure, fluid flow…) and cement properties (mineralogy, porosity…). 
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Both corrosion mechanism vary linearly with time: ecor(t) = c.t, where ecor(t) is the thickness of the corroded 
casing from the beginning of degradation and c is the kinetic coefficient. The kinetic coefficient also depends on 
local conditions and material properties. The presence of chloride ions favors pitting corrosion, which is generally 
faster than generalized conditions. 
The presence of CO2–rich environment in contact with cement-based materials induces some chemical 
degradation, i.e. carbonation. The latest publications show that the carbonation process for wellbore cements could 
have a positive impact on cement transport properties (i.e. permeability) as discussed by [8] and [9]: interactions 
between CO2 and cement hydrates induces mainly calcium carbonates (CaCO3) precipitation in the pores of the 
cement matrix. The associated decrease in porosity also induces a decrease in cement permeability which improves 
cement sealing properties. However, the presence of CO2 induces a decrease in cement pH which favors the 
initiation of casing corrosion and its development at casing surface. Several scenarios were run to test the impact of 
well components aging on well integrity performance. 
4. Injection Well Ktzi-201 Modeling with SIMEOTM Stor 
Based on the various parameters considered in the study such as cement quality, degradation kinetics and 
boundary conditions, 3125 scenarios were run for both pressure case studies. A scenario is defined as the well in a 
given state, i.e. one specific value, within the range of defined vales, assigned to each parameter. The two groups of 
simulations differ only in their pressure profiles over the 1,000 years. As a consequence, the probability of each 
scenario, which is a combination of each parameter’s probability value, is the same for both groups of scenarios. 
The SIMEOTM Stor platformhas been used to run the scenarios and assess the CO2 migration along the wellbore 
(CO2 leakage out of reservoir towards sensitive targets (above caprock, surface …) and CO2 pathways within 
wellbore). Details about the software can be found in [10]. 
Examples of a simulation’s results are illustrated in Figure 4 and Figure 5 for both case studies: low and high 
pressure assumptions respectively. In figure 4 and Figure 5, the blue zones in the well system are water saturated 
(not reached by CO2) and the red zones contain CO2 coming from the reservoir (green formations). Figure 4a and 
Figure 5a give the initial state of the ktzi-201 well (same for both case studies), with CO2 present at the bottom of 
the wellbore as explained in section 3.1. Figure 4b and Figure 5d show the well after 1,000 years for the “low” and 
“high” pressure assumptions respectively. 
Figure 4: Scenarios Results Obtained with SIMEOTM Stor for “Low” Pressure Case Study (a) Initial CO2 Saturation; (b) CO2 Saturation after 
1000 Years  
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Figure 5: Simulations Results Obtained with SIMEOTM Stor for “High” Pressure Case Study (a) Initial CO2 Saturation at t = 0 year; (b) CO2
Saturation after 250 Years; (c) CO2 Saturation after 500 Years; (d) CO2 Saturation after 1000 Years 
For the “low pressure” case study (Figure 4b), results show that CO2 remains confined within the wellbore, below 
the top of the caprock (below 385 m depth). CO2 migrates in the bottom part of the 9” and 5½” cement annuli. 
Some CO2 is present inside the 5½” production casing because of corrosion. Corrosion only occurs in zones that 
have been exposed to CO2, after a certain time, as it promotes generalized corrosion process. 
For the high pressure case study, a larger part of the well is affected by the injected CO2. After 1,000 years, the 
CO2 front for some scenarios could be above the top of the caprock, and could even reach the surface through the 
5½” cement annulus (Figure 5b, c, and d). CO2 can “quickly” reach the surface through the 5½” cement annulus as 
no cement is present above 465 m depth. In the same zone, CO2 also migrates inside the 5½” casing due to the 
corrosion of the casing that is not protected by cement. 
5. Risk quantification and mitigation 
5.1. Risk Criteria 
Risk is the combination of a probability level (probability of a scenario) and a severity level (impact of the CO2
migration on different issues relevant to the CO2 storage project). In the scope of this study, severity level has been 
assessed regarding well containment performance. Other issues could also be considered depending of the project: 
H&S, environment, cost, etc. 
Modeling results were used to quantify risk levels for the two pressure case studies. One grid giving the 
correlations between modeled scenarios probability values and the probability levels was defined, as well as a grid 
correlating CO2 migration in the wellbore to severity levels. In this study, the severity levels depend on the quantity 
of CO2 migrating from the reservoir into the wellbore and the location of the CO2 compared to major geological 
formations (in front of the caprock, above caprock…). Examples of these types of grids can be found in [3]. The 
grids used for the current analysis were defined to illustrate the methodology and do not reflect existing risk 
management policy of the CO2 injection project at Ketzin. The same grids were used to quantify the risks for both 
scenarios groups. 
5.2. Risk Map 
The probability and severity levels were quantified for the 6250 scenarios, and plotted in risk maps with the 
severity level on the x-axis and the probability level on the y-axis. Risk quantification results for the “low pressure” 
case study and the “high pressure” case study after the 1,000-year period are given in Figure 6a and Figure 6b 
respectively. In Figure 6, the numbers in the box relate to the number of scenarios with the corresponding severity 
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and probability levels (i.e. in each map, the sum is 3125). The map for the ‘high pressure’ case study leads to 
scenarios with greater severity levels (up to the maximum level 6), and therefore to greater risk levels (up to 10 out 
of 12). Hence, should a high CO2 reservoir pressure be present at Ketzin CO2 injection site, treatment actions should 
be undertaken before well plugging and abandonment, while for the low pressure case study, no actions may be 
required as the risk levels tend to be acceptable. 
Figure 6: Risk Maps of Ktzi-201 Well Integrity over a 1,000-year period for: (a) a Low Pressure; (b) a High Pressure – Numbers in Box Relate 
the Number of Scenarios with the given Severity and Probability Levels 
5.3. Risk Mitigation 
The risk maps in Figure 6 enable the identification of scenarios that lead to risk levels (top right hand corner). 
These scenarios must be considered first, if any treatment actions are required, to identify which parameters 
(regarding the geometry, components properties, uncertainties…) most contribute to the high risk levels. These 
sources of risk should therefore be considered to define proper treatment actions to decrease risk levels. 
In the present study, one main source of risk was found to be the 5½” cement annulus. To decrease risk levels 
associated with this parameter, different solutions could be selected: (i) performing new measurements in the well to 
decrease the uncertainties, and refine permeability values, this could impact the probability and the severity levels of 
the scenarios, (ii) performing workovers to improve the annulus cementation (i.e. lower cement permeability) in this 
specific zone (such as the addition of good quality cement above the current 5½” cement annulus), this solution 
could mainly decrease the scenarios impact levels, or (iii) extending the surface cement plug to the 13” casing, 
while removing the top of the 5½” and 9” casings (i.e. pancake cement plug). The latter solution could be 
preferred as it can decrease both the probability and severity levels. However, a detailed costs / benefits must be 
undertaken first for each solution to decide which one should be implemented. 
6. Conclusion 
Long-term integrity performance of the Ktzi-201 CO2 injection well was assessed over 1,000 years considering 
exposure of the well’s components to an aggressive environment (formation fluids, CO2-rich fluids …). Static and 
dynamic well models were built, and 6250 scenarios were defined and simulated based on different uncertainties / 
assumptions regarding CO2 reservoir pressure, well components properties and degradation kinetics. Simulations 
quantified CO2 migration towards sensitive targets and monitored pathways within the wellbore over time. 
Scenarios considering a lower CO2 reservoir pressure show that the CO2 is properly confined in the bottom part of 
the well inside the 9 and 5½” cement annuli, below the top of the caprock. However, if the CO2 reservoir pressure 
is higher during the simulation period, CO2 could reach the surface, mainly through the 5½ cement annulus. 
Risk levels were quantified and ranked. The highest risk level is “7” for the “low pressure” case study and “10” 
for the “high pressure” case study. For the “low pressure” case study, the risk is driven by probability level (over 
1,000 years, all the scenarios present the same low severity level). For the “high pressure” case study, the risk is 
driven by both probability and severity levels. Critical risks may be observed (for the study, we considered as 
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critical all risks scores above 8 as critical. As a consequence, if assumptions of the “high pressure” case study were 
confirmed, treatment actions would be required prior to well plugging and abandonment strategy. Treatment actions 
must be defined according to the specific risk sources identified from the risk map analysis, in order to reduce risks 
levels (decrease in scenarios probability thanks to additional measurements) or the impact of CO2 migration 
(considering an improvement of the well components properties), or both at the same time (considering another 
abandonment strategy). 
Such an approach supports objective decision making and the recommendation of relevant risk treatments. 
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